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MXenes have garnered significant attention in nanoelectronics due to their tunable electronic properties.
Such tunability makes them potential candidates for high-efficiency solar energy applications. Here, we
investigate the structural, electronic, optical, and excitonic properties of 2D M,CT, M =Y, Sc; T=0O, F, S,
Cl, Se, Br, Te, I, H, OH) MXene monolayers using a computational protocol that combines first-principles
and semi-empirical methods. By employing an automated workflow that integrates five distinct Workflow
Active Nodes (WaNos) within the SimStack framework, we systematically assessed the structural stability
and electronic properties of 22 candidate monolayers. This approach enhances computational efficiency
and ensures reproducibility by adhering to FAIR and TRUE data principles. Phonon dispersion analysis
revealed that ten systems are stable, five are metastable, and seven are unstable. Among the stable and
metastable monolayers, we identified several semiconductors—Y,CCl,, Y,CBr;,, Y>,CHy, Y,Cly, ScoCCly,
Sc,CBry, Sc,CF,, and Sc,CH,—with indirect Heyd—Scuseria—Ernzerhof (HSE06) band gaps ranging from
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from 210-470 meV, consistent with typical 2D materials. Additionally, some monolayers demonstrate
potential for solar harvesting applications, with predicted energy conversion efficiency approaching 30%

rsc.li/nanoscale under full photon absorption.

tial applications across several fields.> In the post-graphene
era, other notable 2D materials, such as MXenes,® hexagonal
boron nitride (h-BN),* black phosphorus (BP),” and transition
metal dichalcogenides (TMDs),® have emerged. Among these,
MXenes, discovered by Yury Gogotsi and collaborators in
2011,>”% are layered 2D transition metal carbides or nitrides,
typically represented by the formula M,.,1X,T,, where M is a
transition metal, X is carbon or nitrogen (with n =1, 2, 3, or 4),
and T, represents surface terminations such as O, F, S, Cl, Se,
Br, Te, I, H, or OH.°"" These materials have been applied in
various domains, including supercapacitors,’* environmental
treatment,'? catalysis and gas sensing,’*"” energy storage,'®"°
ion batteries,*® photovoltaic cells,>'** transparent flexible con-
ductors,”® and biomedical applications.**

1 Introduction

Since the experimental discovery of graphene in 2004," 2D
materials have gained considerable attention for their poten-
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The electronic properties of M,C (M = Hf, Nb, Sc, Ta, Ti, V,
Zr) MXenes were investigated demonstrating their metallic be-
havior, which holds promise for electronic devices.>” Similarly,
oxygen-functionalized MXenes were explored by highlighting
their potential for energy and electronics applications.>®
Among the numerous MXene combinations, semiconductors
such as Ti,CO,, Zr,CO,, Hf,CO,, and Sc,CO, have shown
promise for solar energy harvesting.>” Machine learning
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models have also predicted semiconducting MXenes, provid-
ing a fast approach for identifying MXenes tailored for specific
applications.*® Despite these advances, the excitonic properties
of MXenes remain relatively unexplored.

It was shown that quasi-particle (excitonic) effects play a
crucial role in determining the solar energy harvesting
efficiency of MXenes.>® Recent studies have underscored the
importance of excitonic properties in Hf-based MXenes.*
Also, the relevance of electron-hole coupling in Sc- and Hf-
based MXene semiconductors for tunable optoelectronic
devices was demonstrated.®" Nevertheless, studies on the solar
energy harvesting efficiency of MXenes, mostly in Sc- and
Y-based MXene semiconductors, are lacking in the literature,
and the present work aims to fill this gap.

In this study, we present a theoretical investigation of the
2D M,CT, M =Y, S¢; T = O, F, S, Cl, Se, Br, Te, I, H, OH)
MXene monolayers combining density functional theory (DFT)
and a semi-empirical approach based on maximally localized
Wannier function tight-binding (MLWEF-TB) model.*>* We
first use DFT to evaluate the ground state’s thermodynamic
stability and electronic properties, determining electronic
band gaps. Several semiconducting materials with band gaps
ranging from 1.25 eV to 1.90 eV were identified. The linear
optical response allows us to analyze the impact of quasi-par-
ticle effects on absorption spectra. These results are further
used to estimate the solar harvesting efficiency of the mono-
layers. We employed an automated workflow by integrating
five distinct Workflow Active Nodes (WaNos) within the
SimStack framework to systematize data acquisition and
ensure the reproducibility of our findings.** This workflow
allowed systematic assessment of the thermodynamic stability
and electronic properties of 22 candidate monolayers, adher-
ing to FAIR (Findable, Accessible, Interoperable, Reusable) and
TRUE (Transparent, Reproducible, Usable by Others,
Extensible)**° data principles.

2 Methodology

All first-principles calculations were carried out within the
framework of DFT,**?*” using the Vienna Ab initio Simulation
Package (VASP).>® The Kohn-Sham (KS) equations were solved
via the projector-augmented wave (PAW) method,*® with the
KS states expanded by using plane waves. The electronic and
structural properties were described through the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional.*
Given the known limitations of PBE in accurately describing
electronic band gaps,*™**> mainly due to self-interaction errors
and poor treatment of weak interactions,*® a more accurate
description was obtained by employing the HSEO6-screened
Coulomb hybrid functional.**

For Brillouin zone (BZ) integration, a I'-centered k-mesh of
12 x 12 x 1 was used for Y,CT, and 14 x 14 x 1 for Sc,CT,
monolayers, and their non-functionalized counterparts,
respectively, to compute structural and electronic properties. A
vacuum layer of 24 A to 32 A was introduced in the non-peri-
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odic direction to eliminate interactions between periodic
images, with thickness varying according to the MZXene
functionalization. Further details of the crystal structure setup
and vacuum layer are provided in the ESI, section S2.T During
structural optimization, the self-consistent cycle converged
with a total energy criterion of 10° eV, and atomic forces were
minimized to less than 0.01 eV A™". A plane-wave energy cutoff
of 800 eV was applied in all simulations.

Phonon dispersion calculations, utilizing density functional
perturbation theory (DFPT),** were conducted to evaluate the
thermodynamic stability of the MXene monolayers. These cal-
culations were performed using the VASP + Phonopy
package,*® with a 2 x 2 x 1 supercell and a k-mesh consistent
with those employed in the structural and electronic property
computations. Visualization and structural analyses were
carried out using VESTA software.*’

The ab initio molecular dynamics simulations (AIMD) was
made using FHI-aims code,*®** utilizing numerical atom-cen-
tered orbitals (NAOs) light first tier basis set. The AIMD simu-
lations was made with PBE functional, with a 3 x 3 x 1 super-
cell with a 4 x 4 x 1 k-mesh. All simulations was done at NVT
ensamble with Noosé-Hoover thermostat, at 300 K during 5 ps
with a timestep of 1 fs.

The optical response, excitonic effects, and solar harvesting
efficiency were investigated using the WanTiBEXOS code,”
which solves the Bethe-Salpeter equation (BSE)® to account
for excitonic quasi-particle effects. The MLWF-TB
Hamiltonian, used to describe the single particle electron and
hole states in WanTiBEXOS, was derived from HSE06 DFT cal-
culations using Wannier90.”> We included d orbital projec-
tions for Sc and Y; p projections for C, F, Cl, Br, and I; and s
projections for H. The optical properties were computed using
both the independent particle approximation (IPA, neglecting
excitonic effects) and the BSE approaches, with a k-points
density of 120 A™' in the 2D plane. The lowest conduction
band and three highest valence bands were considered, and
smearing of 0.05 eV was applied in the dielectric function cal-
culations at both IPA and BSE levels. The BSE calculations
employed a 2D truncated Coulomb potential (V2DT)>® to deal
with the BSE electron-hole Coulomb potential.

The solar harvesting efficiency of the monolayers was esti-
mated by computing the power conversion efficiency (PCE)
based on the Shockley-Queisser limit,>* which is a function of
the band gap. Additionally, we employed the spectroscopy-
limited maximum efficiency (SLME)*® approach, accounting
for the band gap’s direct/indirect nature and the optical absor-
bance derived from the absorption coefficient. We used the
AM1.5G solar spectrum model,” assuming an operating temp-
erature of 300 K. The absorbance was derived from the total
absorption coefficient, considering the dielectric function’s
diagonal components. The monolayer thickness was defined
as the intrinsic material thickness plus the van der Waals
(vdW) length (3.21 A), following the procedure outlined in the
ESI, Tables S5 and S6.f This method aligns with previous
studies,****® and was adopted based on the approach by
Bernardi et al.,>® where the vdW length was critical for accu-
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rately estimating the absorbance of atomically thin materials
such as graphene.

A schematic representation of the complete simulation pro-
tocol is shown in Fig. 1(a), where, in summary, all investigated
MXenes were first structurally optimized using DFT with the
PBE functional. The materials were then subjected to a step-
wise and eliminative stability screening. Initially, phonon dis-
persion calculations were performed to identify and exclude
dynamically unstable systems. The Born-Huang mechanical
stability criterion was applied among the remaining candi-
dates, discarding non-compliant structures. To verify their
thermal stability, those that passed both filters were sub-
sequently evaluated through AIMD. The systems deemed
stable or metastable were then classified as metallic or semi-
conducting. Elect electronic and optical properties were calcu-
lated for the semiconducting ones, followed by their PCE
estimation.

We generated our raw dataset integrating five distinct
WaNos Workflow Active Nodes (WaNos) as shown in Fig. 2
within the SimStack framework.** This workflow began by con-
structing the initial M,CT, (M =Y, S¢; T = O, F, S, Cl, Se, Br, Te,

22 MXene
Monolayers

Density Functional Theory (DFT)

Perdew-Burke-Ernzerhof (PBE)
Stress Tensor

Phonon Dispersion
Calculation
and
Mechanical
Born-Huang Criteria
and
Ab initio Molecular
Dynamics Simulation
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I, H, OH) MXene monolayer structures according to design
principles. The configurations are available in our GitHub
repository, where we also make available extra key data infor-
mation to allow the reproducibility of our results in an auto-
mated data pipeline for processing and evaluation. A Colab
notebook was employed to extract and share all post-proces-
sing data for structural and electronic properties, facilitating
the assessment of structural stability, electronic band gaps,
and excitonic features.

The Mult-It WaNo organizes and manages input data across
the workflow, creating lists of floating-point numbers, integers,
and filenames. This WaNo handles all POSCAR files from a
given archive, and the UnpackMol WaNo processes all POSCAR
files in the Foreach loop control. The UnpackMol WaNo
decompresses and prepares configuration files, providing
initial structures to the DFT-VASP WaNo, which carries out
DFT calculations using the Vienna Ab initio Simulation
Package (VASP).*® This approach optimizes complex VASP cal-
culations, allowing researchers to focus on the analysis of
M,CT, monolayers’ structural and electronic stability. The
DB-Generator WaNo creates comprehensive YAML files that

(a) M,CT; Investigation Screening Procedure

Heyd-Scuseria-Ernzerhof
Band Structure
Calculations

EEEEm—

Wannier90

Density of States Calculations

Tight Binding
Model

PBE Band Structure and

v

. \
- Power Excitonic Optical
onversion Properties Properties
Efficiency
\

(b) MXene Supercell Side View

(c) Funcionalized MXene
Supercell Side View

®@M=Y,Sc
ecC
@T=0,F,S,Cl,Se,Br,Te, |, H, OH

Fig. 1

(d) Funcionalized MXene
Supercell Top View

bR
S
ASASRKY,

(a) Screening procedure steps for the investigated M,CT, MXene monolayers. (b) Side view of the supercell of MXene M,C (M =Y or Sc) and

(c) the MXene M,CT, functionalized with T elements (T = O, F, S, Cl, Se, Br, Te, |, H, or OH), the vertical lines indicate the unit cell boundaries. (d) Top
view of the functionalized 4 x 4 x 1 supercell of MXene M,CT,, with the unit cell of the nanomaterial highlighted in brown. The M, C, and T atoms

are represented as purple, gray, and yellow spheres, respectively.
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Fig. 2 Workflow employed for calculating the phonon dispersion and
thermal properties of MXene monolayers. The workflow involves several
components, each serving a specific function in the process: Mult-It:
manages and organizes data lists; UnpackMol: prepares configuration
files for DFT calculations; DFT-VASP: carries out Density Functional
Theory calculations; DB-Generator: compiles the results into a yml file.
Additionally, the workflow pushes the yml file to a GitHub repository to
link the generated data with a Colab notebook, where the results of the
simulations are visualized.

log total energies, key parameters from OUTCAR files, and
detailed structural data for each MXene monolayer configur-
ation. These files are essential in subsequent workflow stages,
where data are automatically pushed to a GitHub repository
and imported into a Colab notebook, forming a dataset for
evaluating the thermal and optical properties of stable, meta-
stable, and unstable configurations.

By adhering to FAIR (Findable, Accessible, Interoperable,
Reusable) and TRUE (Transparent, Reproducible, Usable by
Others, Extensible) data principles,**** this workflow guaran-
tees scalability, reproducibility, and flexibility. These principles
enhance the reliability and accessibility of our findings,
including excitonic binding energies and band gaps, which
span 1.24 eV to 1.90 eV for several identified semiconductor
compositions. All results presented below are based on raw

This journal is © The Royal Society of Chemistry 2025
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data from our pipeline. Additional technical details on using
our workflow and the Colab notebook are available in the
same GitHub repository.

3 Results

This section presents the findings related to the MXenes inves-
tigated in this study. We begin by examining each system’s
stability. For (meta-)stable systems, we detail their electronic
properties, categorizing them as metallic or semiconducting.
In the case of semiconductors, we further explore their exci-
tonic and optical characteristics, concluding with an analysis
of their solar harvesting efficiency.

3.1 Structural stability

The crystal structures of M,C and M,CT, monolayers are sche-
matically shown in Fig. 1(b)-(d). All MXene monolayers exhibit
a trigonal crystal structure, with functionalization elements
denoted by T. The lattice constants (a,) and cohesive energies
(Econ) for these structures are listed in Table 1. The E.,, rep-
resents the energy (per atom) required to separate the constitu-
ent atoms into neutral, free atoms. Negative values of E.,, indi-
cate a reduction in total energy upon crystal formation,
suggesting the structure is energetically favorable. In contrast,
positive values imply the crystal structure is not energetically
favorable.

The cohesive energy is calculated using the following

expression:°%7¢*

_ Bt (M,CT,) — 2E(M) — E(C) — 2E(T)
number of atoms in the unit cell

Econ

; (1)

Table 1 Equilibrium lattice constant (ag) and cohesive energy (E.on) for
the investigated MXene monolayers

System Econ [€V per atom] ao [A]
Y,C —5.55 3.12
Y,CO, -6.31 3.22
Y,CF, -6.10 3.57
Y,CS, -5.23 3.84
Y,CCl, —5.40 3.72
Y,CBr, -5.13 3.77
Y,CI, —-4.77 3.87
Y,CH, —4.57 3.59
Y,C(OH), -5.31 3.59
Y,CSe, —-4.96 3.77
Y,CTe, -4.85 3.64
Sc,C —5.41 3.31
Sc,CO, —-6.23 3.22
Sc,CF, -6.12 3.28
Se,CS, -5.19 3.52
Sc,CCl, -5.37 3.44
Sc,CBr, -5.07 3.52
Se,Cl, —4.65 3.66
Sc,CH, —4.63 3.29
Sc,C(OH), -5.34 3.30
Sc,CSe, —5.04 3.32
Sc,CTe, —4.90 3.42
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where E, (M,CT,) represents the total energy of the MXene
monolayer, and E(M), E(C), and E(T) are the total energies per
atom for the metal (M =, Sc), carbon (C), and the functionali-
zation element (T = O, F, S, Cl, Se, Br, Te, I, H, or OH), respect-
ively. The unit cell of non-functionalized MXene monolayers
contains three atoms, while functionalized monolayers typi-
cally contain five, except for OH-functionalized systems, which
have seven atoms per unit cell.

For the Y-based systems, we found that only Y,CO, (—6.10
eV per atom) and Y,CF, (—6.10 eV per atom) exhibit lower E.op,
values than Y,C (—5.55 eV per atom), indicating higher ener-
getic stability. In contrast, other functionalizations increase
Econ, up to the limit of —4.57 eV per atom for Y,CH,. A similar
trend is observed in the Sc-based systems, with Sc,C (—5.41 eV
per atom) leading to E.o, higher only than T = O (—6.23 eV per
atom) or F (—6.12 eV per atom), with the highest value
obtained for T = H (—4.63 eV per atom). In all cases, Y-based
systems have E,, slightly higher than their Sc-based analogs.

Regarding the structural characteristics of the MXenes, as
previously mentioned, all the systems reported here possess a
trigonal crystal structure with lattice vectors of equal magni-
tude (in-plane) and angles of 90° and 120°. For the Y,CT,
systems, all ten functionalized MXenes have a larger a, than
the non-functionalized Y,C, where a, = 3.12 A. In this case, the

Nanoscale

lattice constants range from 3.12 A to 3.84 A, following a clear
trend where heavier functionalization elements correspond to
larger lattice constants, increasing of up to 23% compared to
the Y,C system. However, this trend is not observed in the
systems with M = Sc, where functionalizations such as T = O,,
F,, H,, or (OH), result in smaller g, values than non-functiona-
lized Sc,C (ao = 3.31 A). The lattice constants for the Sc-based
systems range from 3.22 A to 3.66 A, showing variations from a
2.7% decrease to an 11% increase, indicating less variation
than the Y-based systems.

The dynamic stability of the MXene monolayers was further
investigated through the phonon dispersion profiles of each
monolayer, allowing classification into stable, meta-stable, or
unstable categories based on established criteria.*®®* A system
is considered stable if there are no imaginary frequencies in
the phonon dispersion or if such frequencies are limited to
the I" point, with their magnitudes corresponding to less than
1% of the highest frequency for that monolayer. MXenes with
imaginary frequencies with magnitudes less than or equal to 2
THz are classified as meta-stable. Monolayers that do not meet
these criteria are classified as unstable. It is worth noting that
the systems described here as (meta-)stable may have minor
imaginary modes removed by applying slight strains to the

monolayers.®"%

(a) M2CT, Stability Summary

Y2C Sc,C
(e2) Sy Se; Te, Ho (o2 S, Se, Te, Hy
F Cly Bry I (OH), F Cl Br; I (OH),
Stable Meta-stable Unstable
(b) Sc,CH, (c) Y,Cl, (d) Sc,CSe,

Frequency [THz]

Stable

Fig. 3
Sc,CH,, Y2Cly, and Sc,CSe,, respectively.
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(a) List of MXenes compositions, alongside representative phonon dispersion plots for (b) stable, (c) meta-stable, and (d) unstable systems:
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Fig. 3(a) summarizes the stability classification of the
MXene monolayers after applying all criteria considered in this
study. Fig. 3(b-d) present representative phonon dispersion
curves corresponding to stable, metastable, and unstable
systems. Of the 22 MXene monolayers examined, ten were
classified as stable, five as meta-stable, and seven as unstable.
In the following sections, we will focus on the stable and meta-
stable monolayers, omitting further discussion of the unstable
systems. A complete set of phonon dispersion data for all
22 monolayers investigated here can be found in the ESI,
section S3.F

For the stable and metastable monolayers we calculated
their elastic constants, shown in Table 2, the entire group,
except the monolayers with Te functionalization, satisfied the
Born-Huang criterion: C1;C,, — (Cy,)* > 0 and Cge > 0, being
considered mechanically stable. The angular dependent Young

Table 2 The elastic constants Cj; (N m~), maximun Young's modulus
Ymax. @and maximum Poisson's ratio vmax. The Young's modulus is in units
of N m™, while Poisson'’s ratio is dimensionless

Cii (N Co (N Cip (N Ceo (N Ymax (N

System m™) m™) m™) m™) m™) Vmmax
Y,C 82.82 82.82 15.32 33.13 79.99 0.19
Y,CCl, 122.95 122.95 33.88 44.62 113.75 0.28
Y,CBr, 110.97 110.97 28.34 41.13 103.73 0.26
Y,CI, 101.76 101.76 22.51 39.58 96.78 0.22
Y,CH, 129.49 129.49 26.05 52.25 125.01 0.20
Y,CS, 32.98 32.98 14.31 8.21 26.77 0.48
Y,CTe, 54.82 54.82 61.08 -3.71

Sc,C 94.50 94.50 15.41 39.80 92.33 0.16
Sc,CF, 168.77 168.77 36.20 66.39 161.16 0.21
Sc,CCl, 145.62 145.62 34.95 55.25 137.23 0.24
Sc,CBr, 141.8 141.8 36.66 52.53 132.32 0.26
Sc,CI, 123.28 123.28 31.73 47.48 117.77 0.26
Sc,CH, 156.68 156.68 32.54 61.27 149.92 0.21
Sc,CS,  29.57 29.57 3.42 11.79 2917  0.17
Sc,CTe, 88.34 88.34 83.03 -1.20

5 T T T T
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modulus and Poisson’s ratio were provided in the ESI section
S4.1 Beyond the stability criteria, the elastic constants provide
valuable insights into the mechanical behavior of the investi-
gated systems, constituting an important complement to the
physicochemical understanding of these materials and their
potential technological applications. In addition to the fact
that M,CTe, systems are not mechanically stable, our results
also indicate that, regardless of the surface functionalization,
the TMD-based MXenes containing Y exhibit lower maximum
Young’s modulus (Y,.x) compared to their Sc-based counter-
parts. Specifically, the pristine systems present Y,,., values of
approximately 80 N m™' and 92 N m™" for Y,C and Sc,C,
respectively, in good agreement with the literature.®®
Interestingly, surface functionalization can significantly
modify Young’s modulus, enhancing or reducing it. For the
Y-based systems, Y. ranges from approximately 27 N m™" to
125 N m™, indicating a reduction of nearly 70% with S
functionalization and an increase of almost 60% with H. For
the Sc-based systems, the values range from 29 N m™" to 161 N
m™', with the lowest modulus also observed for S functionali-
zation, while the highest enhancement is obtained with F.
Regarding the maximum Poisson’s ratio (vmax), the values
span from 0.16 to 0.48, encompassing both brittle and ductile
mechanical responses. Due to the symmetry of the MXenes
studied here, Young’s modulus and Poisson’s ratio exhibit
relatively small variations from the reported maximum values.
In order to complement the stability analysis of these
systems, we made AIMD simulations for the mechanically
stable monolayers, as shown in Fig. 4. From these results, we
observe that all systems has a total energy oscillation around
an average value after the thermalization in the first pico-
second, where the system was going from 0 K to 300 K,
showing that all mechanically stable systems are thermo-
dynamic stable at 300 K. The detailed results of AIMD showing
the total energy variation and temperature variation, are
shown in the ESI section S5.1 After all calculations to identify
the dynamical, mechanical, and thermodynamical stability of

Total Energy Variation [eV]

Sc,C Sc,Cly
1 Sc,CF; ——— ScyCH, -
! Sc,CCly Sc,CS, Y,CCl, Y,CH,
0 SCzCBl’z YzCBI’z YzCSz
0 1 2 3 4 5 0 1 2 3 4 5
Time [ps] Time [ps]

Fig. 4 Total Energy variation in AIMD simulations of (a) Sc,C and (b) Y,C and their respective functionalizations. All simulations were done at 300 K.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025,17,13298-13310 | 13303



Paper

these monolayers, from the initial 22 monolayers, only
13 monolayers can be considered stable.

3.2 Electronic properties

By analyzing the electronic properties through the band struc-
ture and density of states (DoS), as shown in Fig. 5 and 6, we
identified eight semiconductors and five metals among the 13
stable systems. These classifications are labeled in Fig. 5(c and
f). Notably, the non-functionalized MXene monolayers (Y,C
and Sc,C) display metallic behavior, indicating that
functionalization is a mechanism for opening band gaps. The
complete DoS and electronic band structure dataset is avail-
able in ESI, section S6.7

From the projected DoS, we observe that the primary contri-
bution of Y and Sc atoms near the Fermi level comes from
d-orbitals in both the valence and conduction bands, along
with additional p-orbital contributions in the valence states.

Y,CCly
4 K \% |
z § C ——

= 2t i al —— |
2 ? / Total
& 0  Eg=0.97eV
< =<
[NN]

DOS [states/eV]

(c) Semiconductors

Y2CXz (X =Cl, Br, H, I)
Sc,CXa: (X =Cl, Br, H, F)

Y,CS;

Energy [eV]
o

DOS [states/eV]
Metals

Y2C, Y2CXz (X = S)
Sc,C, ScCX2 (X =S, 1)

Fig. 5 (a) PBE band structure and (b) total density of states for the
semiconducting Y,CCl, MXene; (c) the corresponding semiconductor
systems; (d) PBE band structure and (e) total density of states for the
metallic Y,CS, MXene; and (f) the corresponding metal systems.

13304 | Nanoscale, 2025, 17,13298-13310

Nanoscale

As expected, C atoms contribute significantly near the Fermi
level, primarily through their p-orbitals. The functionalization
elements (chalcogenides and halides) contribute mainly via
their p-orbitals, while H, functionalization contributes
through s-orbitals in the same energy region. The electronic
properties were calculated using the PBE functional for the
metallic systems. In contrast, we employed the HSE06 func-
tional for the semiconductors to obtain more accurate band
gap values due to the known underestimation of band gaps by
PBE.*"*? A comparison of the band structures calculated with
PBE and HSEO06 is shown in Fig. 6.

The fundamental (E,) and direct [E‘;) band gaps calculated
using HSEO06 for the stable semiconductor MXenes are pre-
sented in Table 3. Interestingly, none of these monolayers
exhibit a direct fundamental band gap. However, in most
Y-group monolayers, the difference between E, and Eg is rela-
tively small, typically less than 0.2 eV, except for Y,CCl,, where
the difference is approximately 0.4 eV. The fundamental band
gaps for the Y-group range from 1.24 eV to 1.71 eV, while those
for the Sc-group range from 1.65 eV to 1.90 eV. Unlike the
Y-group, the Sc-based MXenes exhibit a larger difference
between E; and Eg, around 0.4 eV. In both Y and Sc MXenes,
we observe that the band gap decreases as the mass of the
halide functionalization increases.

3.3 Excitonic and optical properties

Since this study focuses on the excitonic properties of MXenes
and their potential for photovoltaic applications, we limit our
analysis to the eight stable semiconductor monolayers, as
metallic systems cannot be employed as photoabsorbers in
solar harvesting devices. Examples of exciton band structures
for Y,CCl, and Sc,CBr,, along with the quasi-particle effects
on the linear optical response via the absorption coefficient for
all semiconductor MXenes, are shown in Fig. 7 and 8, respect-
ively. The complete dataset for exciton band structures is also
provided in the ESI, section S7.f

The exciton band structure helps determine whether the
excitonic ground state (Ex,) is direct or indirect. The excitonic
ground state is classified as direct when Exg is located at the I'
point, indicating that electron-hole pairs reside at the same
k-point. An indirect excitonic ground state suggests the possi-
bility of phonon-assisted optical transitions. This may lead to
optical excitations lower than the predicted optical band gap,
as the latter only accounts for direct transitions. While a
thorough investigation of electron-phonon coupling would be
necessary for a complete understanding of these cases, such
calculations are beyond the scope of this work. Most mono-
layers display an indirect excitonic ground state, except for
Y,CCl,, which exhibits a direct excitonic ground state. Exg is
found between the I' and M high-symmetry points for the
other systems.

The exciton binding energy (Exy), defined as the difference
between the fundamental band gap (E;) and the excitonic
ground state energy (EXy), is presented in Table 3. The
binding energies for these systems range from 210 meV to
470 meV in the Y,CT, group and from 270 meV to 400 meV in

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Electronic band structures of eight monolayers calculated using the PBE (cyan curves) and HSEO6 (orange curves) functionals. The panels
correspond to: (a) Y2CCly, (b) Y2 CBr,, (c) Y2 Clp, (d) Y2 CHy, (e) Sca CFy, (f) Sca CCly, (g) Sca CBry, and (h) Sc; CH,.

Table 3 Excitonic properties obtained using the MLWF-TB + BSE
method (HSEQ6 parametrization): fundamental band gap, Eg (eV); direct
band gap, Eg (eV); exciton ground state, Exys (eV); direct exciton ground
state, Exgs (eV); and exciton binding energy, Ex, (eV), calculated as Eq —
Exgs

System E, Eg Exgq Ex{ Exy

Y,CCl, 1.71 1.76 1.34 1.34 0.37
Y,CBr, 1.64 1.72 1.29 1.30 0.35
Y,ClL, 1.24 1.65 1.03 1.24 0.21
Y,CH, 1.63 1.69 1.16 1.22 0.47
Sc,CF, 1.90 2.39 1.63 2.00 0.27
Se,CCly 1.71 2.06 1.44 1.68 0.27
Sc,CBr, 1.65 2.13 1.41 1.72 0.24
Sc,CH, 1.82 1.99 1.42 1.58 0.40

the Sc,CT, group, which is consistent with typical values for
2D monolayers.’®®” The lowest binding energy is observed for
Y,CI,, while the highest is found for Y,CH,. In the Sc,CT,
group, Sc,CH, exhibits the highest binding energy, while the

This journal is © The Royal Society of Chemistry 2025

lowest values are observed for Sc,CF, and Sc,CCl,. Notably,
both groups’ largest exciton binding energies are associated
with H, functionalization, likely due to the passivation of
monolayer edges by H atoms, which enhances quantum con-
finement in the non-periodic direction.

As shown in Fig. 8, the linear optical response of the semi-
conductor MXene monolayers is calculated at both the BSE
(solid curves) and IPA (dashed curves) levels, considering inci-
dent linearly polarized light along the % (green curves) and y
directions. As expected, a comparison between the BSE and
IPA absorption spectra reveals that excitonic effects induce a
significant redshift in the absorption peaks, directly related to
the exciton binding energy. Additionally, the spectral shapes
differ between BSE and IPA. It is well-known that excitonic
effects are sensitive to the proximity of a substrate, which can
reduce quasi-particle interactions.’” In our simulations, the
BSE calculations were performed without an external sub-
strate, allowing excitonic effects to manifest fully. In contrast,
the IPA model does not account for quasi-particle effects,

Nanoscale, 2025, 17, 13298-13310 | 13305
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Fig. 7 Exciton band structures along the I' - M —» K — T" branches for
(a) Y>Cl, and (b) Sc,CBr, monolayers.

making the BSE and IPA spectra represent the upper and lower
limits of the potential optical response of these materials. The
IPA optical band gap matches the direct band gap (Eg), while
the BSE optical band gap corresponds to the direct excitonic
ground state (Exy), as shown in Table 3.

The Y,CT, monolayers with T = Cl, Br, I, and H exhibit a
primary absorption peak in the infrared (IR) region, along with
additional peaks in the visible region, as illustrated in
Fig. 8(a)-(d). These monolayers have their optical band gaps in
the IR region and demonstrate strong optical responses in the
IR, which weaken as the excitation shifts toward the visible
and ultraviolet regions. The exception is Y,CH,, which shows a
strong optical response in the visible region despite its optical
band gap being located in the IR. The IPA optical response is
nearly isotropic in IR and visible regions, with slight an-
isotropy appearing in the ultraviolet region. A similar behavior
is observed at the BASE level but with weak optical anisotropy
in the IR and visible regions. The distinct absorption spectrum
of Y,CH, suggests that H functionalization can significantly
alter the optical behavior of these MXene monolayers, a trend
also seen in the Sc,CT, group.

For the Sc,CT, monolayers (Fig. 8(e)-(h)), the optical band
gap redshift occurs from the visible to IR regions as the T
functionalization progresses from F to Br. The optical response
of Sc,CCl, shows an anisotropic behavior at the BSE level,
unlike Sc,CF, and Sc,CBr,, which remain isotropic in the IR
and visible regions. Despite the higher optical anisotropy in
the Sc,CT, group, the overall spectral shape does not differ sig-
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nificantly from that of the Y,CT, group. With H functionali-
zation, optical anisotropy is enhanced in the visible region,
where the highest absorption peak is observed. Quasi-particle
effects also significantly reduce this compound’s optical
response in ultraviolet. Although this behavior is present
across the Sc,CT, group, the degree of optical anisotropy is
lower for other functionalizations.

3.4 Insights into solar harvesting efficiency

PCE is a critical metric in evaluating how effectively a solar cell
converts sunlight into electricity. Two main methods for esti-
mating PCE are the Shockley-Queisser (SQ) limit and the spec-
troscopy-limited maximum efficiency (SLME). The SQ method
directly computes PCE (PCE®?) using the fundamental band
gap at the IPA level and the exciton ground state energy at the
BSE level. The SLME method (PCES™F) relies on the total
absorption coefficient, which is derived by summing the diag-
onal components of the dielectric tensor. Additionally, it
requires the fundamental and direct band gaps at the IPA level
and the exciton ground state and direct exciton ground state
energies at the BSE level.

Furthermore, following the approach proposed by Jariwala
and co-workers,*® we calculated the maximum SLME efficiency
(PCEmax"™F). This metric assumes that all photons with
energy equal to or greater than the optical band gap are
absorbed, which is theoretically achievable using light-trap-
ping techniques in solar cells.®® Regardless of the estimation
method, it is essential to recognize that these values represent
the upper theoretical limit of solar energy conversion
efficiency. Achieving these limits experimentally remains chal-
lenging, as demonstrated by the progression of perovskite-
based cells MAPbI;, where experimental PCE increased from
3.8% to 25.2% over the past decade.®*”°

Table 4 presents the estimated PCE values for stable semi-
conductor MXene monolayers, evaluated at different efficiency
limits, including the Shockley-Queisser limit (PCE®?), SLME
(PCE®™¥), and maximum SLME (PCE.,>"™*), considering the
optical response at both the IPA and BSE levels. For the Y,CT,
group, the SQ limit PCE ranges from 19.72% to 28.47%
(32.08% to 32.67% at the BSE level), with the discrepancy
attributed to the redshift caused by excitonic effects. The
exciton ground state energy, around 1.33 eV, is close to the
optimal fundamental band gap for maximizing theoretical
efficiency in single-junction solar cells.** In the Sc,CT, group,
PCES® varies from 14.48% to 22.63% (22.42% to 30.16% at the
BSE level).

The SLME method predicts much lower PCE values, with
PCES"™™F below 1% for all monolayers, due to the low photon
absorbance rates caused by the thin atomic layer thickness of
these 2D materials (ranging from 0.78 nm to 1.02 nm). As a
result, most incident photons pass through the material
without being absorbed. However, when applying the light-
trapping scheme proposed by Jariwala et al.,°® which assumes
nearly 100% photon absorbance for photons with energy equal
to or above the optical band gap, the maximum SLME
efficiency (PCEp.>"F) for the Y,CT, group ranges from

This journal is © The Royal Society of Chemistry 2025
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Table 4 Maximum achieved PCE at the IPA and BSE levels. PCES"ME (%) represents the power conversion efficiency determined by SLME, assuming
100% photon absorbance based on the direct band gap. PCEmacmE (%) is the maximum power conversion efficiency obtained under the Shockley—

Queisser limit, considering the direct band gap, and PCES® (%), all efficiencies calculated at T = 300 K

IPA BSE

System PCES'ME PCE, 00" ME PCESQ PCES'™ME PCE 0 ™® PCE®Q
Y,CCl, 0.93 26.31 27.32 0.99 32.67 32.67
Y,CBr, 0.61 14.10 19.72 1.02 31.73 32.08
Y,CL, 0.95 19.62 29.24 1.23 29.85 32.12
Y,CH, 0.85 27.14 28.47 0.79 29.85 32.11
Sc,CF, 0.37 10.79 14.48 0.57 17.13 22.42
Sc,CCl, 0.62 16.59 21.16 0.80 23.25 28.66
Sc,CBr, 0.61 14.11 19.72 0.82 21.40 28.05
Sc,CH, 0.63 20.16 22.63 0.77 26.06 30.16

14.10% to 27.14% (29.85% to 32.67% at the BSE level). The
Sc,CT, group spans from 10.79% to 20.16% (17.13% to

26.06% at the BSE level).

This journal is © The Royal Society of Chemistry 2025

Among the studied systems, the Y,CT, monolayers show
greater solar energy than the Sc,CT, systems. Y,CCl, emerges

as the most promising photoabsorber, achieving a maximum
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SLME efficiency (PCEpac ™) of 32.67% at the BSE level.
Conversely, Sc,CF, exhibits the lowest performance, with a
PCEma""™F of 17.13%, also at the BSE level.

4 Conclusion

This study employed first principles and semi-empirical
methods to investigate the properties of Y- and Sc-based
MXene monolayers. Using an automated workflow that inte-
grates five distinct Workflow Active Nodes (WaNos) within the
SimStack framework, we found that from the 22 proposed
monolayers, 15 were stable or meta-stable from phonon simu-
lations, elastic constants, and AIMD reduced this group to 13
stable monolayers, with eight exhibiting semiconducting be-
havior. The electronic band gaps of the semiconductors, calcu-
lated using HSE06, ranged from 1.24 eV to 1.90 eV, and all dis-
played indirect band gaps. Our analysis demonstrated that
excitonic effects play a pivotal role in determining the optical
linear response of these materials. Exciton binding energies,
which varied from 210 meV to 470 meV, induced a redshift in
the optical band gap, significantly impacting the solar harvest-
ing potential. Some systems achieved solar conversion efficien-
cies approaching 33% with the inclusion of quasi-particle
effects. The Y,CT, and Sc,CT, groups demonstrated solar har-
vesting efficiencies exceeding 15%, assuming complete absorp-
tion of incident light, making them promising candidates for
photovoltaic applications. Despite these promising results,
challenges remain, particularly in developing viable synthesis
methods for these materials and scaling up the production of
thin films. Achieving the theoretical upper limits of solar har-
vesting efficiency will likely require several more years of
focused research. Nonetheless, the findings presented here
provide valuable insights and a strong foundation for future
theoretical and experimental studies on Y- and Sc-based
MXene monolayers for solar energy harvesting devices.
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